Introduction
The quantity of pesticide usage in the agricultural land has been considerably increased due to the worldwide modernization of the agriculture. The usage of pesticides throughout the world was approximately calculated as 2.5 million tons and the need of pesticide was estimated to increase in the forthcoming years (Arias-Estevez et al., 2008; Pimentel, 1995) . The herbicides alone occupy nearly 50% of the various categories of pesticides being practiced in the agricultural lands (Drogui and Lafrance, 2012) . Among the various herbicides, Norflurazon is a bleaching, preemergence and selective herbicide used in the agriculture lands since 1974 (Ahrens, 1994) . Norflurazon is a long-standing contaminant in the soil, it will not easily undergo mineralization and gradually be desorbed which depends on the agricultural environmental conditions (Morillo et al., 2004) . A very low quantity of herbicide is practically involved in the weed control when Norflurazon is applied in the agricultural lands. Major quantity enters into the environment which causes the soil and aquatic pollution. The custom of Norflurazon leads to detect the herbicide in the water resources more frequently which continuously alarming the negative impacts associated with the herbicide usage (Wilson and Boman, 2011) . In addition to that the increased concentration of Norflurazon (>16 mg/L) in the agricultural land inhibits the carotene synthesis in plants, which destroys the chlorophyll (Wilkinson, 1985; Bramley, 1993) . Therefore it needs to be completely mineralized to avoid the hazardous effects engendered by the Norflurazon at its high concentrations.
On the other hand, zinc oxide (ZnO) provokes various interesting nanostructures during its synthesis. The properties like large direct band gap (E g ¼ 3.37 eV), excitation binding energy (60 MeV), near-UV emission, transparent conductivity and piezoelectricity which make ZnO as a unique promising nanomaterial for the energy and environmental applications (Huang et al., 2011; Ozgur, 2010; Umar et al., 2012; Wang et al., 2004) . The photocatalysis was found to be very interesting among the various applications of ZnO and it can be extensively applied for the degradation of various environmental contaminants. In certain occasions, ZnO has revealed greater photocatalytic efficiency than the TiO 2 (Li et al., 2010; Sakthivel et al., 2003) . However the quantum yield achieved for the visible light assisted ZnO photocatalysis needs to be improved (Chen et al., 2014; Sathishkumar et al., 2009; Kim and Yong, 2012) . The appropriate technique to enhance the photocatalytic activity of ZnO is to decrease the recombination of electronic charges (holes and electrons) which are instigated during the photocatalysis. Since the deferred recombination of electronic charges enhances the active radicals produced from the photocatalytic microenvironment. The loading of noble metal nanoparticles (Au, Ag and Pt) significantly increases the optical as well as catalytic properties of the resulting ZnO nanocatalysts (Subramanian et al., 2003; Lee et al., 2008; Wang et al., 2003) .
Among the various metal nanoparticles, gold nanoparticles have proven the following exceptional properties: (i) The surface plasmon resonance (SPR) was found to be improved the local electric field when the gold nanoparticles are in contact with the semiconductor nanocatalysts. Thus accelerates the generation of electronic charges when the nanocatalysts experience the band gap excitation (Subramanian et al., 2003) ; (ii) The gold nanoparticle acts as a sink for the electronic charges produced at the interface of the metal-semiconductor (Kamat and Meisel, 2002) ; (iii) The difference in the work function of Au (∅ m ¼ 5.1 eV) and ZnO (∅ s ¼ 4.3 eV) leads to generate the schottky barrier which further facilitates the transport of electronic charges (Kamat and Meisel, 2002; Wood et al., 2001) . Hence, the gold nanoparticles loaded semiconductor nanocatalysts was found to be very efficient for the degradation of various environmental contaminants. In the present work, a low frequency ultrasound (42 kHz) was utilized for the preparation of AueZnO nanocatalysts. The sonocatalytic, photocatalytic and sonophotocatalytic efficiencies were investigated by studying the mineralization of Norflurazon in the presence of TiO 2 , ZnO and gold loaded ZnO nanocatalysts. The combination of bath type sonicator (42 kHz) with the visible light assisted photocatalysis technique is expected to enhance the efficiency of the mineralization when compared with the individual advanced oxidation processes.
Experimental

Materials and methods
Norflurazon (C 12 H 9 ClF 3 N 3 O), Zinc dioxide and chloroauric acid trihydrate (HAuCl 4 $3H 2 O) were purchased from Sigma-Aldrich and used without further purification. Unless otherwise specified, all the reagents used were of analytical grade and the solutions were prepared using Milli-Q water. Surface morphology and microstructure of the nanocatalysts were analyzed by high resolution transmission electron microscopy (HRTEM, FEI TITAN G2 80-300) operated at 300 KeV and field emission scanning electron microscopy (FEI-Nova nanosem 200). The particle size of the synthesized nanoparticles was calculated from the X-ray diffraction data (Philips PW1710 diffractometer, CuK a radiation, Holland) using Scherrer equation. Raman spectra were recorded using a Dilor LabRam-1B spectrometer, operating at a resolution of 1 cm
À1
. Diffuse reflectance UVevis spectra of the nanocatalysts were recorded using a Shimadzu 2550 spectrophotometer equipped with an integrating sphere accessory employing BaSO 4 as reference material.
The kinetics of Norflurazon degradation was followed using a HPLC (Perkin Elmer) analyzer equipped with a PDA detector (model Flexar). C18 column (150 Â 4.6 mm, 2.6 mm, Kinetex, Phenomenex, USA) was employed for the analysis. The UV detection was operated at 310 nm, and the mobile phase constituted by acetonitrile (50%) and water (50%). The injection volume was 20 mL and the flow rate was 0.5 mL/min. The retention time for Norflurazon was 7 min under these HPLC conditions. Calibration curve for Norflurazon was constructed using the peak areas of the standard samples under the same conditions as that of the experimental samples. A fresh stock solution of Norflurazon was prepared before the experiments. Norflurazon calibration curve was made for concentrations between 0.01 and 28 mg/L with a correlation coefficient of R 2 ¼ 0.9998. The total organic carbon (TOC) for all the samples was analyzed by direct injection of the filtered sample solutions into a TOC analyzer (Vario TOC cube, Cientec Instrumentos, South America). Prior to the analysis, the instrument was calibrated with potassium hydrogen phthalate. TOC 0 is the TOC measured after the equilibrium adsorption of the dye on the nanocatalysts surface and TOC obtained at various irradiation times is denoted as TOC t .
The LC-MS analysis of Norflurazon was performed in a Nexera UHPLC System (Shimadzu, Japan) equipped with a DAD detector and coupled with a 3200 QTRAP Mass Spectrometer (ABsciex, USA, MA). Instrument control and data collection system were carried out using Analyst 1.5.2 software (ABsciex, USA, MA). The chromatographic separation was achieved on C18 column (150 Â 4.6 mm, 2.6 mm, Kinetex, Phenomenex, USA). Mobile phase was constituted by acetonitrile (60%) and formic acid 0.1% in water (40%) at a flow rate of 0.5 mL min À1 in an isocratic mode. The detection wavelength was set at 300 nm and the injection volume was 10 mL. The MS/MS detection was carried out under the following conditions: electrospray positive ionization mode, 10 V of collision energy, 3000 V of ionization voltage and capillary temperature at 300 C. Nitrogen was used as nebulizing (30 psi) and drying (10 psi) gas.
Preparation of gold and gold loaded ZnO nanocatalysts
The ultrasound assisted reduction of Au 3þ to Au 0 was performed as follows: The gold precursor solution (5.25 Â 10 À4 M) was prepared with 0.1 M of isopropanol and 0.1 wt% of polyethylene glycol under the vigorous stirring. The precursor was irradiated by 42 kHz ultrasound up to 30 min. The samples were withdrawn at regular intervals during the irradiation for the UVevis spectroscopic analysis ( Fig. 1(a) ). The gold precursor solution (Au 3þ ) produced its characteristic yellow color during preparation, which later turned to bluish violet color (Au 0 ) after the completion of ultrasound irradiation. Presumed here in 30 min that all Au 3þ was converted to Au 0 . Nevertheless the absence of Au 3þ characteristic peak during the UVevis spectroscopic analysis confirms that the entire precursor was converted to gold nanoparticles (Wei et al., 2013; Mizukoshi et al., 2005) . The obtained gold nanoparticles were characterized using various analytical tools. The gold precursor solution (5.25 Â 10 À4 M) in 0.1 M of isopropanol solution was stirred vigorously for 15 min and subsequently the zinc oxide (1 g) was added. The suspension was irradiated till the change of color of the suspension from yellow to bluish violet. It was assumed that the above procedure yielded a gold loading of~1 mol% on ZnO. The nanocatalysts were gathered by filtration using 0.45 mm nylon membrane. The solids were dried at 110 C in a hot air-oven for 12 h followed by the calcination at 550 C for 5 h in order to get pure nanocatalysts. Similarly the bare ZnO was treated using the same methodology and calcinated at 550 C for comparison.
Photocatalysis and sonophotocatalysis
The stock solution of Norflurazon was freshly prepared by dissolving appropriate amount of Norflurazon in Milli-Q water. The concentration of Norflurazon for all the degradation studies was fixed to 28 mg/L which provided the maximum solubility in water at 25 C (Wilson and Boman, 2011) . The stock solutions were filtered using a 0.2 mm Polytetrafluoroethylene syringe filter (PTFE, Cole-Parmer, USA) before all the experiments. The degradation of Norflurazon was studied under ambient atmospheric conditions and at natural solution pH. In order to ensure the adsorption/ desorption equilibrium, the Norflurazon/nanocatalyst slurry was stirred for 45 min in dark condition prior to irradiation. After that, the lamp and/or the sonicator was turned on to consider as ''time zero'' to follow the kinetics of degradation. The photocatalytic studies were performed using a light source (Cole-Parmer, USA) illuminating spectral range ! 420 nm with the intensity of incident irradiation ! 100,000 ± 100 Lux measured by Lux meter (ColeParmer, USA). All the sonochemical reactions in this study were carried out by using a commercially available sonicator (8890, ColeParmer, USA) producing 42 kHz ultrasound waves. The experimental setup and conditions used for photolysis, sonolysis, and sonophotolysis were identical (Sathish Kumar et al., 2010) . The Norflurazon was irradiated with visible light, nanocatalysts (dark) and ultrasound separately to study the effect of photolysis and sonolysis. No apparent rate of Norflurazon degradation was observed from the photolysis and in the presence of nanocatalysts (dark). The significant rate of Norflurazon degradation was achieved during the sonolysis which presented in Table 1 . The apparent kinetics of disappearance of Norflurazon was determined by following its concentration using HPLC analysis. Prior to the analysis, the nanocatalysts were separated from the suspension by using a 0.2 mm PTFE filter.
Results and discussion
Characterization of gold and gold loaded ZnO nanocatalysts
The characteristic changes observed during the transformation of Au 3þ to Au 0 was monitored using a UVevis spectrophotometer and the observed results are shown in Fig. 1(a) . The formation of gold nanoparticles instigates after 3 min of irradiation of the precursor solution and the completion of gold nanoparticles formation was achieved within 30 min. The extended ultrasound irradiation (>30 min) leads to initiate the aggregation (Zhu et al., 2009 ). The TEM analysis revealed the gold nanoparticles of size ranging from 2 to 5 nm as shown in Fig. 1(b) . The lattice fringe distance calculated from Fig. 1(b) is 0.23 nm which is the clear indication for the formation of Au (1 1 1) crystal plane during the ultrasound irradiation. The FESEM (Fig. 1(c) ) and TEM ( Fig. 1(d) ) analyses of the bare ZnO reveal various morphology of nanostructure. However, the sonochemically treated ZnO exhibits nanorod structure as preponderance of evidence from the high angle annular dark field (HAADF) scanning transmission electron microscopic (STEM) analysis (Fig. 1(e) ). The EDX analysis of bare ZnO is shown in Fig. 1(f) . The TEM analysis of the gold nanoparticles loaded ZnO displays various nanostructures and is shown in Fig. 2 . The Au loading reduces the length of the nanorods but the thickness gets increased. The observed transformation evidently suggests that the crystallinity of the ZnO gets altered nonetheless the crystal structure. Besides, the decorated gold nanoparticles can be easily seen at the surface of the AueZnO (Fig. 2(c)e(e) ). The calculated value of average size of the deposited gold nanoparticles is~8 nm. The average particle size of the gold nanoparticles decorated at the surface of ZnO gets increased when compared with the particle size achieved for the bare Au nanoparticles since the addition of polyethylene glycol during the synthesis directly influences on the particle size (Zhu et al., 2009 ). The EDX analysis of AueZnO (Fig. 2(f) ) confirms the elemental composition of the synthesized nanocatalysts.
The XRD patterns of the ZnO and AueZnO are shown in Fig. 3 . The attributed diffraction peaks correspond to the wurtzite structure (JCPDS No. 36-1451), which designate that the crystal structure of ZnO is not changed after the modification with the gold nanoparticles however the intensity of wurtzite peaks gets reduced. In addition to that a weak diffraction peak ascribed to Au (1 1 1) in the XRD pattern of AueZnO (Insert Fig. 3) demonstrates the low quantity loading of gold nanoparticles (1 mol%). The XRD analysis confirms that the gold nanoparticles exist as their cubic (fcc) structure and the ZnO exists as its hexagonal (wurtzite) structure in the AueZnO nanocatalysts. However no other diffraction peaks belonging to the impurities like Au 2 O 3 were observed in the XRD pattern. The room temperature Raman spectra observed for the ZnO and AueZnO nanocatalysts are presented in Fig. 4 . The observed Raman spectra are consisting of several bands that correspond to the Raman-active phonon modes of wurtzite ZnO nanocatalysts with C 6V symmetry. The intensive peak observed at 439 cm À1 corresponds to the E 2 mode of ZnO which is a characteristic Raman-active mode for the hexagonal ZnO. Similarly the weak peaks observed at 333, 385, and 415 cm À1 can be assigned to the E 2 (high) e E 1 , A 1 and E 1 Raman active modes of ZnO (Wang et al., 2008) . The Raman peak emanated at 581 cm À1 becomes broadened and disordered since it is the mixture of two modes (A 1 and E 1 ) (Meng et al., 2012) . The intensity of Raman active peaks gets decreased and broadened when the gold nanoparticles loaded into the ZnO which indicates that gold nanoparticles reside at the surface of ZnO. It can be concluded from the Raman analysis that 42 kHz of ultrasound irradiation kindled the adequate distribution of gold nanoparticles on the surface of the ZnO. The loading of gold nanoparticles into ZnO cannot make any significant changes in the crystal structure. It can also be evidenced from the XRD and TEM analyses. The bare gold nanoparticles have not shown any Raman active modes during the analysis. The diffuse reflectance (DR) UVevis spectral analysis of ZnO and AueZnO is shown in Fig. 5 . The extreme absorption for the bare ZnO is~390 nm which significantly indicates that the bare ZnO cannot be able to absorb the maximum portion of visible light. The absorption band edge of the gold loaded ZnO significantly shifted from 390 nm and the AueZnO nanocatalysts are expected to show the enhanced visible light assisted photocatalytic properties. The SPR peak observed at~550 nm confirms that the visible light is adequate to generate the electronic charges during the irradiation. The Tauc plot derived from Kubelka Munk Function (inset of Fig. 5) shows that the optical band gaps are 3.2 eV and 2.93 eV for the bare ZnO and AueZnO respectively. The decreased band gap further enhances the possibilities of utilizing AueZnO as a visible light driven photocatalysts for the degradation of wide spectrum of organic contaminants.
Degradation of Norflurazon
The sonocatalytic, photocatalytic and sonophotocatalytic degradations of Norflurazon were evaluated in the presence and absence of ZnO, TiO 2 (Aeroxide ® P25) and AueZnO nanocatalysts.
The initial concentration of Norflurazon was fixed at its maximum solubility (28 mg/L) for all the degradation processes and the concentration of the nanocatalysts was varied from 0.2 to 3 g/L in order to optimize the appropriate dosage to achieve the maximum efficacy. The first order kinetics was observed for the Norflurazon degradation which can be evidenced from the straight line fit of eln (C/C 0 ) vs time. A representative three dimensional HPLC 
is shown in Fig. 6 . The optimized concentration of the nanocatalysts provides an effective environment for the degradation process, which increases the interaction between effective radicals and Norflurazon (as well as its derivatives) during the degradation. The observed decrease in the Norflurazon concentration (Retention time (RT) ¼ 4.5 min) clearly indicates the rapid degradation during the sonophotocatalysis (Fig. 6) . The lessintensive peaks seemed at the RT from 2.25 to 4.25 min give the first notation about the intermediates produced from the Norflurazon and the intensity of the peaks get increased when the processing time progresses. In order to understand the efficiency of the various advanced oxidation processes, a three dimensional HPLC chromatogram was observed for the photocatalytic, sonocatalytic and sonophotocatalytic degradation of Norflurazon and is presented in Fig. 7 before and after 90 min. The order of kinetics for the Norflurazon degradation was sonophotocatalysis > sonocatalysis > photocatalysis. The sonophotocatalytic and sonocatalytic degradation of Norflurazon show 4.5 and 2-fold enhanced rate of degradation when compared to the photocatalytic degradation. However, an additive effect of photocatalysis and sonocatalysis was observed for the sonophotocatalysis which can be evidenced from Fig. 7 . In addition to that, the rate constants achieved during the sonolysis of Norflurazon was significantly lower than the rate constant observed for the photocatalysis (Table 1 ). The visible light assisted photocatalytic irradiation of AueZnO leads to initiate the electronic charges at the surface of nanocatalysts and thus enhances the number of active radicals produced at the photocatalytic microenvironment. Subsequently the enhanced rate of Norflurazon was achieved during the photocatalysis. When compared with the photocatalysis, the enhanced degradation attained during the sonocatalysis can be described as the sonoluminescence produced within the aqueous medium during the ultrasound irradiation significantly partake in the band gap excitation of AueZnO which enhances the production of effective radicals (Riaz and Ashraf, 2012; Ying and Williams, 1999) . The rate constants observed for the sonophotocatalytic degradation of Norflurazon at its optimized concentration in the presence of various nanocatalysts are shown in Table 1 . The rate constant accomplished for the bare ZnO assisted sonophotocatalytic degradation is slightly greater than TiO 2 . However the AueZnO augmented the sonophotocatalytic degradation when compared to the bare TiO 2 and ZnO. The extended irradiation of Norflurazon was carried out for 5 h to evaluate the photocatalytic, sonocatalytic and sonophotocatalytic mineralization efficiency of AueZnO at its optimized concentrations (Fig. 8) . The photolysis and sonolysis of Norflurazon could not make any significant changes in the initial concentration of Norflurazon after 5 h of irradiation. The order of mineralization was attained as follows sonophotocatalysis > sonocatalysis > photocatalysis which was the similar trend observed for the degradation process (Fig. 7) . The sonophotocatalytic degradation of Norflurazon shown 58% of the total organic carbon (TOC) was removed from the initial concentration after 5 h of irradiation whereas the sonocatalytic and photocatalytic processes reached 43% and 17% of the TOC removal. The additive effect was achieved for the sonophotocatalytic mineralization due to the enhanced number of effective radicals being produced when compared with the individual advanced oxidation processes. Besides, the improved rate of mass transfer of Norflurazon to the nanocatalysts surface as well as the mass transfer of effective radicals from the nanocatalysts surface to the bulk solution lead to achieve the enhanced rate of mineralization during the sonophotocatalytic and sonocatalytic processes when compared with the photocatalytic mineralization.
The electro spray ionization-mass spectroscopy (ESI-MS) was employed to identify the intermediates produced during the sonophotocatalytic mineralization of Norflurazon. The aliquots were withdrawn at regular intervals for the ESI-MS analysis. The UHPLC-DAD-ESI MS/MS analysis shows the sonophotocatalytic mineralization of Norflurazon and the formation of four compounds which are detectable since 30 min of sonophotocatalytically irradiated Norflurazon and, numbered according to the retention time observed from the UHPLC chromatograms ( Fig. 9 ; Table 2 ; compound I to IV). The first signal was identified as desmethyl Norflurazon (5-amino-4-chloro-2-[3-(trifluoromethyl) phenyl]pyridazin-3(2H)-one)), showing a pseudo molecular ion of m/z ¼ 290 and a fragment of m/z 270.1. At retention time 2.3min, (4-(hydroxyamino) pyridazin-1(6H)-ol [ Table 2 ; Scheme 1)] was detected with a pseudo molecular ion of m/z 130.9 and fragments of m/z 103.9, 90.0 and 81.0. The third signal (Fig. 10 ) corresponds to Norflurazon, and the last signal detected at 3.5 min could be assigned as Norflurazon isomer. Ying and Williams (1999) reported the formation of Benzotrifluoride (m/z ¼ 145; a,a,a-Trifluorotoluene) during the GCeMS analysis of the photodegradation of Norflurazon however, Benzotrifluoride is not detected during the ESI-MS analysis. In other words, the present experimental conditions cannot assist the identification of the Benzotrifluoride. The sonophotocatalytic irradiation greater than 300 min was expected to completely mineralize the Norflurazon and various intermediates produced during its degradation into CO 2 , H 2 O and other small molecular products. The tentative mechanism for the mineralization of Norflurazon is proposed in Scheme 1 which demonstrates the various pathways involved in the sonophotocatalytic decay of Norflurazon. The similar kind of decay pathway can be proposed for the photocatalytic and sonocatalytic degradation of Norflurazon. The identification of various intermediates was expected for the photocatalytic and sonocatalytic degradation apart from the intermediates observed for the sonophotocatalytic degradation.
Conclusion
A simple, convenient and one-step ultrasound assisted synthesis of gold and gold loaded ZnO nanocatalysts were demonstrated in the present study. The 42 kHz ultrasound persuaded the formation of gold nanoparticles and the appropriate distribution of gold nanoparticles on the surface of ZnO. The AueZnO nanocatalyst was showed 3.5 and 2.5 fold greater rate of mineralization of Norflurazon during the sonophotocatalysis and sonocatalysis when compared to the photocatalysis technique. The LCMS analysis of the sonophotocatalytically treated Norflurazon exhibits the formation of four pseudo molecular ions including the Norflurazon isomer. The further irradiation was expected to completely mineralize the Norflurazon into the CO 2 , H 2 O and mineral acids. The sonophotocatalysis exhibited in this study can be extended to study the degradation of wide spectrum of environmental contaminants and this developed methodology can be useful to study the mineralization of large quantity of Norflurazon.
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